Abstract⎯ WRF-Chem is a numerical Eulerian non-hydrostatic mesoscale weather prediction model online coupled with the atmospheric chemistry model, developed mainly by the National Center for Atmospheric Research (NCAR) and the National Oceanic and Atmospheric Administration (NOAA). This model system is a frequently used tool for creating high resolution air quality simulations at different spatial and temporal scales for various air pollutants. In this study, the technical backgrounds of the WRF-Chem model applied for high resolution urban air quality forecasts in Budapest are presented. The meteorological module of the system uses the WRF-ARW (Weather Research and Forecasting -Advanced Research WRF) dynamical solver, and obtains its initial and boundary conditions from the GFS (Global Forecast System) using a horizontal resolution of 0.25 × 0.25 degree. By applying two nested model domains (with 15 × 5 km horizontal resolution), fine resolution meteorological fields can be achieved. In the chemical module, the National Emission Inventories created by the Hungarian Meteorological Service were applied, different chemical reaction sets were used and tested, and constant deposition rates were assumed. In this work, a case study for different pollutants (O 3 , NO, NO 2 , and CO) is presented for an early summer period of 2015.
Introduction
Outdoor air pollution is a serious environmental issue in Hungary, especially in winters. Ambient air quality thresholds for NO 2 and PM 10 are regularly exceeded (Mészáros et al., 2013) . The Aphekom project found that in the period of 2008-2011, the life expectancy was decreased by 19 months in Budapest due to the outdoor air pollution (Pascal et al., 2013) . The World Health Organization (WHO) found that in 2012, approximately 8,000 premature deaths could be attributed to polluted ambient air in Hungary (WHO, 2016) . The main sources of PM 10 and ozone air pollution are domestic heating, road traffic, and large-scale transport of air pollutants (Ferenczi, 2013; Kis-Kovács et al., 2017) . The European Union expects effective strategies to diminish the effect of air pollution, however, policymaking requires the good understanding of the fine scale urban environmental processes and the reliable prediction of air quality for the following days. Operational air quality prediction is performed by the Hungarian Meteorological Service using the CHIMERE air dispersion model offline coupled with the WRF numerical weather prediction model (Ferenczi et al., 2014) .
Online coupled weather and air quality modeling have become a powerful and widely applied tool to predict and evaluate air pollution on the regional scale (Baklanov et al., 2014) . In Europe, numerical air quality forecasts are available from several continental scale atmospheric chemistry transport models, mainly those of the Copernicus Atmospheric Monitoring Service (CAMS) cooperation (https://atmosphere.copernicus.eu/). Its models use a grid of 0.1 degree resolution on the continental scale to operationally predict atmospheric concentrations of the main air pollutants, as well as pollens and volcanic ash (Marécal et al., 2015) . However, for cities and other sensitive areas, a finer model resolution might be necessary, especially if the emission inventory is available on a fine scale. This can be achieved by a nested atmospheric chemistry transport model that can reach very fine (1-3 km) resolution for a limited area (Kuik et al., 2016; Liu et al., 2018) .
WRF-Chem is an atmospheric chemistry and transport module online integrated with the extremely popular Weather Research and Forecast (WRF) numerical weather prediction model. It solves the governing equations of atmospheric dynamics, tracer transport, and chemical reactions within one model system, sharing the same grid and timesteps (Grell et al., 2005) . Online coupling enables the model to simulate the feedbacks of air pollution on the weather, especially the effects of atmospheric aerosols (Kong et al., 2015) . On the other hand, online coupling of the meteorology and transport simulation can gain better accuracy in complex weather situations by accessing the full planetary boundary layer (PBL) parameterization of the weather forecast model and avoiding the information bottleneck of derived output parameters (Baklanov et al., 2014; Leelőssy et al., 2017) .
WRF-Chem has been used in several countries for regional and urban scale air pollution forecast. In recent years, nested WRF-Chem simulations focusing on urban air pollution have been presented for cities such as Berlin (Kuik et al., 2016) , Madrid , Los Angeles (Kim S.-W. et al., 2016) , for several metropolitan regions in China (Liao et al., 2015; Zhang et al., 2015; Liu et al., 2018) , and even for the complex terrain of Kathmandu (Mues et al., 2017) . However, comparison studies proved that WRF-Chem model results show a large sensitivity on the selection of the chemistry scheme, both regarding the tropospheric ozone and secondary aerosol formation. For example, in a photochemical box model, 25% difference was found between NO x concentrations obtained with different chemical mechanisms (Knote et al., 2015) .
In this paper, we investigate the applicability of WRF-Chem (numerical weather prediction and atmospheric chemistry and transport) model to simulate and estimate concentration levels and diurnal variation of ozone and nitrogen oxides in Budapest and other sites in Hungary.
Methods
The WRF-Chem coupled meteorology-chemistry model was applied for air pollutant transport simulation using two nested domains (Fig. 1) . The external domain covered Central Europe ranging 1,500 × 1,050 km with horizontal resolution of 15 km. The internal, 5-km-resolution domain had a size of 560 × 350 km, covering Hungary entirely. The number of horizontal grid points was therefore 7,000 and 7,840 in the external and internal domain, respectively. The same 40 vertical levels between 1,000 and 50 hPa were applied in both domains. Lateral boundary conditions were provided by the GFS (Global Forecast System) global model with a horizontal and temporal resolution of 0.25° and 3 hours, respectively. Lower boundary conditions are obtained from static geographical input data by the WRF Preprocessing System (WPS). The applied parameterization schemes are presented in Table 1 .
Pollutant emissions were obtained from the 2015 National Emission Ceiling Directive -Informative Inventory Report of the Hungarian Meteorological Service (Kis-Kovács et al., 2017) . NECD-IIR provided estimates of the total annual release of 15 air pollutants on a horizontal grid covering Hungary with a resolution of 0.1° × 0.1°. In this study, the emission inventories of NO x , NMVOCs (non-methane volatile organic compounds) and CO were used. NMVOC emission was added to the model input as isoprene emission. The annual emission value was uniformly distributed in the year, therefore, the temporal variability of the emissions could not be considered in this model. However, due to the fine spatial resolution of both the emission inventory and the computational domain, the differences in urban and rural air pollution could be well investigated. A period of four days was simulated with the WRF-Chem model. The first day (May 15, 2015) was a spin-up period for the meteorological component, and only the meteorological calculations were performed by the model. The second day (May 16, 2015) was used as a spin-up phase for the chemistry model and was then discarded. The third and fourth days (May 17 and 18, 2015) were considered as the model results.
A summer period with calm anticyclonic weather was selected for the investigation of the photochemical ozone production from 2015, the reference year of the IIR emission inventory. The spin-up day for meteorology has been used to create the atmospheric initial conditions for the WRF domains corresponding to the GFS boundary conditions, as no data assimilation was performed. Initial and lateral boundary conditions for chemistry have been set to zero, and the chemistry spin-up period was used to create the initial concentration field corresponding to the emission inventory. By choosing a period with calm weather and weak winds, the effect of local emissions could be investigated.
Model results were compared to measurement data from the following automatic monitoring stations of the Hungarian Air Quality Network: Budapest (Gilice tér station in the south-eastern suburbs of the city), Pécs, Győr, Debrecen, and K-Puszta (field monitoring station) (Fig. 2) . Two chemical mechanisms have been compared: the RADM2 (Regional Acid Deposition Model 2nd generation) and the CBMZ (Carbon-Bond Mechanism version Z), both with and without a KPP (Kinetic PreProcessor) solver (Stockwell et al., 1990; Zaveri and Peters, 1999) . RADM2 mechanism contains 21 and 42 inorganic and organic chemical species, respectively, with 158 chemical reactions out of them 21 are photochemical reactions (Gross and Stockwell, 2003) . CBMZ is a modified and updated version of the CBM-IV mechanism (Gery et al., 1989) , which contains 52 chemical species with 132 chemical reactions (Zaveri and Peters, 1999) .
Results
Despite the stationary emission rates of CO, NO, and NO 2 , the simulated O 3 concentration data were consistent with the typical diurnal cycle of ozone and the measurement data provided by the monitoring stations (Fig. 3) . The highest concentrations of ozone were observed in the afternoon, especially between 15-18 UTC, reaching 100 µg/m 3 . (The solar time in Budapest was UTC + 80 minutes on these days.) The diurnal cycle was well captured by all chemical mechanisms. A general underestimation can be observed in the results obtained with the CBMZ mechanism, while RADM2 was found to provide generally higher ozone concentrations. This is surprising in the context of a year-long European-scale study, where RADM2 showed a significant negative bias . Ozone rapidly decayed in the model during the night in both CBMZ and the RADM2-KPP runs. However, the RADM2 mechanism without KPP resulted in a relatively high (20-50 µg/m 3 ) residual night-time ozone concentration near the surface. Apart from this effect, there was generally a very small difference between results obtained with and without the kinetic preprocessor.
The modeled diurnal cycle of the NO concentration was close to the observed one, but lacked the night peak from 18 UTC to 00 UTC. The RADM2 and RADM2-KPP mechanisms overestimated the peak NO 2 levels by a factor of 2, unlike the CBMZ and CBMZ-KPP mechanisms, which gave a much better correspondence with the observed concentrations. The simulations provided almost the same CO concentration levels with all chemical settings. The temporal evolution of CO concentrations was well reproduced, however, the models yielded significantly lower values than the measurement data. It must be noted that due to the high uncertainty of the emission inventory and the limited representativity of urban monitoring sites, the model errors can hardly be attributed quantitatively to the applied chemical mechanisms. As the NECD-IIR database provided the total NO x emission data for nitrogen oxides, the sensitivity of the chemical mechanism was investigated for the initial NO/NO x ratio. For the first set of simulations (a) the NO/NO x proportion in the initial NO X emission data was set to the simplistic 0.50 ratio, to 0.75 for the second sequence (b), and to 0.25 for the final series (c). Fig. 4 shows the simulated O 3 concentrations using the RADM2-KPP and CBMZ-KPP chemical mechanisms, each with applying the three NO-NO 2 scenarios. Only two of four mechanisms are shown, because there was no considerable difference between the CBMZ and the CBMZ-KPP mechanism in the O 3 concentrations, and the alteration of the NO-NO 2 distribution in the NO X emission did not affect the model output concentrations in the case of the RADM2 chemical mechanism. The sensitivity of O 3 concentration on the initial NO/NO x ratio was very low during the day, however, the decreased direct NO emission in the (c) scenario caused higher night-time ozone levels due to the weakening of the NO-O 3 reaction. . 5 shows the simulated concentration field of O 3 at 12 UTC, May 18, 2015 using the RADM2-KPP chemical mechanism. The 10 m wind field is also presented by wind barbs. A large plume indicates Budapest, the capital and biggest city of Hungary in the north central part of the country. This plume of ozone was formed by the significant urban emissions of NO x and was transported north-westward by light near-surface winds. (Fig. 5) .
A comparison of measured and modeled ozone concentrations at selected monitoring sites are presented in Fig. 6 . Pécs, Győr, and Debrecen are urban sites, while K-Puszta is a background site located in an agricultural area. The diurnal cycle of ozone was generally well captured by the model, and the RADM2 mechanism yielded higher -more realistic -ozone concentrations, while results obtained with the CBMZ scheme showed a serious underestimation. The best agreement of model results with observations was found at the background station K-Puszta that had the largest spatial representativity (Fig. 6) . At the urban sites of Győr, Pécs, and Debrecen, a secondary night-time ozone peak was observed, which could not be captured by the model. 
Conclusion
An online coupled atmospheric chemistry transport modeling application has been presented to simulate the air pollution of Hungary. Simulations were performed with the WRF-Chem model using two nested domains covering Central Europe and Hungary. With this method, a relatively low horizontal resolution (5 km) could be achieved at an acceptable computational cost. Provided with meteorological boundary conditions from the Global Forecast System (GFS) and emission data from the NERC-IIR national emission inventory, the model could simulate the atmospheric dispersion of pollutants and the photochemical ozone formation.
Model capabilities were demonstrated through a case study for May 17-18, 2015, comparing two chemical mechanisms (RADM2 and CBMZ), both with and without the kinetic pre-processor (KPP). Emission inventories of NO x , nonmethane VOCs, and CO were considered. Model results were compared to measurements taken at monitoring sites of the Hungarian Air Quality Network (OLM). The diurnal cycle of ozone was generally well captured by the model despite the stationary emission field. However, a large difference was found between the two applied chemical mechanisms. RADM2 provided generally higher and more realistic ozone concentrations, however, it seriously overestimated NO 2 levels. Results showed low sensitivity on the application of the kinetic pre-processor and the initial NO/NO 2 ratio.
